Damage to the hippocampal and frontostriatal systems can occur across the adult life span. As these 2 systems are involved in learning processes, mild impairments of learning and generalization might be observed even in healthy aging. In this study, we examined both learning and generalization performance in 3 groups of older adults: young-older (ages 45 to 60 y), middle-older (ages 61 to 75 y), and oldest-older (ages 76 to 90 y). We used a simple computerized concurrent discrimination task in which the learning phase has shown sensitivity to frontostriatal dysfunction, and the generalization phase to hippocampal damage. We found that age significantly affected initial learning performance, but generalization was spared in all but the oldest group, with some individuals still generalizing very well. This finding suggests that (a) learning abilities are affected in healthy aging (consistent with earlier reports of frontostriatal dysfunction in healthy aging) and (b) generalization deficit does not necessarily occur in early older age. We hypothesize that generalization deficits in some in the oldest group may be related to hippocampal pathology. Our data shed light on possible neural system dysfunction in healthy aging and Alzheimer disease.
BEHAVIORAL AND NEURAL CORRELATES OF HEALTHY AGING
Human aging is associated with differing degrees of cognitive deficits. 1, 2 Learning and memory functions in the healthy aging population have been studied extensively from both behavioral and neural perspectives. Behaviorally, aging studies have tested various forms of learning processes, [3] [4] [5] [6] [7] including weather prediction 8 and probabilistic classification. 3, 5 At the neural level, volume in many brain areas decreases with increasing age. 9, 10 Normal aging can bring hippocampal volume reductions along with functional abnormalities. [10] [11] [12] [13] Accelerated volume reduction in areas such as the hippocampus and other medial temporal structures may predict risk for cognitive decline and development of Alzheimer disease (AD). [14] [15] [16] [17] The striatum also shows volume reduction in the course of normal aging, [18] [19] [20] a decrease that may translate into behavioral deficits and cognitive changes. 3, 21 Although the literature on the effects of aging on the hippocampal and frontostriatal systems is divided (for a review, see Hedden and Gabrieli 22 ), some argue that any meaningful deficit in medial temporal lobe functions might be caused by pathology (as in AD) rather than healthy aging per se. [23] [24] [25] Importantly, the 2-stage theory of cognitive decline in aging 22, 23, 26, 27 suggests that the frontostriatal system changes first, decreasing dopamine levels and reducing prefrontal volume, and hippocampal dysfunction follows. In this study, we tested groups of healthy older adults (belonging to the comparatively younger ages of 45 to 60 y through the older ages of 76 to 90 y) on a concurrent discrimination learning and transfer generalization task (which recruits striatal and medial temporal structures) to examine whether aging has differential effects on learning and generalization.
STUDYING LEARNING AND GENERALIZATION IN HEALTHY AGING
Studies have shown that the striatum and the basal ganglia play different roles in learning and generalization. Specifically, the hippocampus and associated medial temporal structures are particularly implicated in learning that supports generalization when familiar stimulus features are recombined at testing. [28] [29] [30] [31] Humans with medial temporal damage are similarly impaired at retrieving studied information when study and test conditions are varied. [32] [33] [34] The striatal areas are also critically implicated in learning. For example, patients with striatal dysfunction caused by Parkinson disease are impaired at discrimination learning. 35 Functional magnetic resonance imaging studies have also suggested that the striatal regions are especially active during learning of stimulus-response associations. [36] [37] [38] Some studies have shown an age-related deficit in ability to shift or generalize learning along a previously relevant stimulus dimension, such as shape or color [39] [40] [41] ; others have found no age-related deficit in interdimensional shifting. [42] [43] [44] Most of these studies have considered generalization tasks that involve presenting novel exemplars along a previously relevant dimension, rather than keeping the previously relevant features constant. To avoid the potential confound of introducing novel relevant features, we have developed an 8-pair concurrent visual discrimination task, in which each pair contains 2 objects that differ in 1 relevant feature but share 1 irrelevant feature.
In a 2002 study, Myers and colleagues studied learning and generalization using the same task in nondemented elderly with or without mild hippocampal atrophy. The presence or absence of hippocampal atrophy did not affect the initial discrimination learning; however, individuals with mild hippocampal atrophy were significantly more impaired than nonatrophied controls on the generalization phase. 45 By contrast, performance on other memory measures, such as a paragraph recall task, was not impaired in the atrophy group. In a later longitudinal study, Myers et al 46 showed that performance on the generalization test among nondemented elderly correlated with cognitive status assessed 2 years later; thus, generalization may be a useful predictor of risk for short-term cognitive deficit. Consistent with these results, amnesic patients with bilateral hippocampal damage caused by hypoxic brain injury were not impaired at initial learning, but were impaired at transfer generalization. 32 Together, these results suggest that the transfer generalization portion of this task depends on hippocampal function.
The same task has also shown sensitivity to frontostriatal function. Specifically, patients with damage to the orbitofrontal cortex showed impairments in the learning phase of the task but performed better in the generalization phase, indicating the role of frontal cortex in learning and the role of intact medial temporal lobe structures in generalization. 47 Patients with hypoxic brain injury and anterior communicating artery aneurysm rupture as well as various frontal lesions were slow at initial learning, but completed the generalization phase as well as controls. In contrast, the hypoxic patients were normal at initial learning, but impaired at transfer generalization. 32 Learning and generalization were also studied in patients with bipolar disorder or schizophrenia and in first-degree relatives of patients with schizophrenia. 48 All of these groups showed significant impairment in generalization compared with controls. Unlike the other groups, the schizophrenia group showed difficulty in the learning phase itself. The task has also been found to discriminate learning and generalization deficits in patients with Parkinson disease, tested on and off dopaminergic medication (L-dopa). 49 Patients tested off L-dopa performed better than patients on L-dopa in the learning phase, but not in the generalization phase.
The findings in these studies point to the possibility that disrupted frontostriatal circuits may produce impairments in the learning phase of this task, but that additional hippocampal disruptions may be required to show impairments in the generalization phase.
As it had shown considerable sensitivity and moderate specificity to brain damage in the clinical population, we decided to use the same concurrent discrimination task to study possible learning and memory deficits in healthy normal individuals. To our knowledge, this is the first cross-sectional study to use this task to investigate age differences in initial acquisition versus generalization. Although earlier studies have compared learning across different age groups using incrementally acquired learning tasks and tasks such as the Wisconsin Card Sorting Test, comparisons are usually between younger adults and older adults. 8, [50] [51] [52] [53] Again, earlier studies of older adults have focused mainly on those older than 60 years. By contrast, our study of learning and generalization processes included healthy individuals aged 45 to 90 years.
We expected to see age-related deficits in initial learning, consistent with our earlier studies. 45, 49 In our earlier study, we used the same task in a small sample of 34 people with mild cognitive impairment and hippocampal atrophy. 54 In this study, we tested performance on the learning and generalization task in a larger sample of healthy older participants, none of whom had mild cognitive impairment. The critical question was whether we would find a pattern of age differences between the younger and older groups for learning, but not generalization.
METHODS

Participants
We recruited 61 volunteers from a group of healthy adults taking a continuing education class in memory at the Academy of Lifelong Learning, University of Delaware, Newark. We recruited an additional 19 volunteers from 2 sources: the Memory Disorders Project at Rutgers-Newark and Eastern Mennonite University. We paid the Delaware and Rutgers volunteers $20 per hour for their time, and covered their transportation costs; the Eastern Mennonite University volunteers received class credit for participating. All 80 participants were between 45 and 90 years old and were fluent English speakers.
We screened the participants on the basis of self-reports of their medical and psychiatric history, including depression or affective disorder, alcohol abuse, diabetes, neuropsychological disorders (eg, multiple sclerosis, aphasia, and seizure/epilepsy), and surgery with general anesthesia within the previous 6 months. We also screened the participants for drugs that could affect memory, particularly anticholinergic medications, and for color blindness.
Before testing began, all participants signed statements of informed consent. Research conformed to guidelines for protection of human subjects established by Rutgers University and the federal government.
Neuropsychological Assessment
In an attempt to exclude anyone who showed evidence of cognitive impairment consistent with early dementia or another age-related disorder, we gave the participants a short battery of neuropsychological tests. We used the North American Adult Reading Test 55 to index cognition; this test involves pronouncing a list of 61 orthographically irregular words. Scores can be used to generate estimates of verbal intelligence quotient (VIQ) (Spreen and Strauss, 1998, p. 78). 56 Normal median VIQ score is defined as 100 (SD 15); no participants scored below normal.
We gave the Controlled Oral Word Association test (COWA) to index executive function. In this test, participants are given 1 minute to generate as many words as possible beginning with a particular letter; scores are summed across trials with 3 letters (F, A, and S). COWA performance has been shown to correlate with frontal function (eg, Janowsky et al 57 ). Using norms presented in Spreen and Strauss (p. 455), 56 we computed the age and education-adjusted expected mean and SD for each individual and used the data to compute a zscore (expected mean 0.0, SD 1.0). We excluded from further testing the 5 participants who scored more than 1 SD below age-appropriate norms (z < À 1.0).
We used the Logical Memory (LM) subtest of the Wechsler Memory Scale-Revised 58 to assess verbal memory; this test involves repeating 2 short paragraphs from memory immediately and after a delay of several minutes. Participants are scored according to the total items recalled from both paragraphs. Performance on delayed paragraph recall is especially sensitive as an indicator of hippocampal atrophy and a predictor of cognitive deficit in the nondemented elderly. 16, 59 In our testing, 20 minutes elapsed between the initial and delay trials; during the delay, the participant completed other tests. Five participants scored below the 25th percentile on either the immediate or the delay portion of the LM, according to the age-appropriate percentile scores provided in Wechsler. 58 These 5 volunteers were excluded from further testing.
Of the original 80 volunteers, the final sample consisted of the 70 who scored at or above age-appropriate norms on the standardized neuropsychological tests. Results for these 70 participants are shown in Table 1 . Preliminary analysis using age as a continuous variable did not yield any statistically significant differences. As our purpose was to examine both age-related deficits in performance and individual performance deficits in the main task, we divided our sample into 3 age groups: young-older (45 to 60 y), middle-older (61 to 75 y), and oldest-older (76 to 90 y). Education level did not differ among these groups (analysis of variance [ANOVA], F 2,67 = 1.51, P = 0.228), but there were more women than men in the youngest and middle groups, and more men than women in the oldest group (w 2 test, w 2 = 6.09, df = 2, P = 0.043).
Within each group, the mean neuropsychological scores shown in Table 1 are slightly higher than the expected level in a group of unselected normal people because we excluded our lowest-performing participants. ANOVAs revealed no significant differences among the groups on estimated VIQ (F 2,67 = 0.62, P > 0.500), COWA z-score (F 2,67 = 2.56, P = 0.085), LM immediate (F 2,67 = 0.57, P > 0.500), or LM delay (F 2,67 = 2.37, P = 0.102).
The 70 participants who scored at or above ageappropriate levels on neuropsychological testing were given the concurrent discrimination-and-generalization task.
Discrimination-and-Generalization Task
The discrimination-and-generalization task has been described in Myers et al. 54 In brief, participants learn a series of visual discriminations and are then challenged to generalize when stimulus information changes. The testing took place in a quiet room, with the participant seated in front of a laptop computer with a color screen. The keyboard was masked except for 2 keys, labeled LEFT and RIGHT, which the participant used to enter responses.
The discrimination-and-generalization task had 2 phases. Phase 1 was an 8-pair concurrent discrimination. On each trial, 2 colored shapes appeared, approximately 1 inch high on the screen and set about 3 inches apart (approximately 1.5 degrees of visual angle, at normal viewing distance). The participant was instructed to press the left or right key to choose 1 object. The chosen object rose onscreen and, if the choice was correct, a smiley face was revealed underneath (Fig. 1 ). There was no limit on response time, and there was an interval of approximately 1 second between participant response and start of the next trial, allowing the participant to view the discrimination pair and feedback (presence or absence of the desired smiley face icon).
This was an incrementally acquired, feedback-based learning task in which participants were to learn which object was correct. They were given no information about the correct object ahead of time. Within each object pair, the same object was always rewarded. For 4 of the discrimination pairs, objects differed in shape but not color (eg, brown mushroom vs. brown frame); for the other 4 pairs, objects differed in color but not shape (eg, red cat's-eye vs. yellow cat's-eye). Thus, within each pair, 1 dimension (shape or color) was relevant to predicting the location of the smiley face, and 1 dimension was irrelevant.
Trials were organized into blocks, each containing 16 trials: 1 presentation of each discrimination pair in each possible left-right ordering. Trials in a block occurred in a pseudo-random but fixed order. Phase 1 continued until the participant reached a criterion of 16 consecutive correct responses, or for a maximum of 96 trials (6 blocks).
As soon as phase 1 ended, phase 2 began without any warning to the participant. The screen events were identical to phase 1 except that the discrimination pairs were altered so that the relevant features remained constant but the irrelevant features were altered. For example, the phase 1 discrimination in which a brown mushroom was rewarded over a brown frame became in phase 2 a discrimination in which a green mushroom was rewarded over a green frame. Similarly, the phase 1 discrimination in which a red cat's-eye was rewarded over a yellow cat's-eye became in phase 2 a red/yellow discrimination involving a new shape. Individuals who had solved phase 1 by basing associations on the relevant features (mushroom beats frame and red beats yellow) could perform perfectly in phase 2, as the relevant features were still predictive. By contrast, individuals who had approached phase 1 by learning to respond to whole objects (brown mushroom beats brown frame) should perform poorly in phase 2, which presented novel objects (green mushroom and green frame).
Phase 2 was also organized into blocks of 16 trials, 1 trial with each discrimination pair in each possible leftright ordering, in a pseudo-random but fixed order. Phase 2 continued until the participant reached a criterion of 16 consecutive correct responses, or a maximum of 48 trials (3 blocks). The entire procedure took about 15 to 20 minutes to complete.
RESULTS
Phase 1: Initial Learning
The mean number of phase 1 errors for the 3 age groups is shown in Figure 2A . A 1-way ANOVA revealed a significant effect of group (F 1,63 = 9.53, P < 0.001), with no effect of VIQ, COWA z-score, LM immediate, or LM delay scores (all P > 0.100). Scheffe´pairwise comparisons confirmed that the youngest group made significantly fewer errors than either the middle (P = 0.001) or oldest group (P < 0.001); the middle and oldest groups did not differ in the number of errors (P > 0.500). Individual bivariate correlations showed a moderately significant correlation between phase 1 errors and LM immediate and LM delayed scores for the middle group (r = À 0.49, P = 0.01, and r = À 0.45, P = 0.05), but there was no significant correlation in either of the other groups.
Fifty-two participants (74%) reached criterion performance (ie, 16 consecutive correct responses) in phase 1. Figure 2B shows that the distribution of these 52 participants was not equal across groups: all in the youngest group reached criterion, but only about half in the oldest group did so. This group effect was highly significant (w 2 test, w 2 = 11.83, df = 2, P = 0.003). Figure 3 shows that a majority of participants aged 45 to 60 years (youngest group) reached criterion within the first few blocks of training (fewer than 48 trials); among those in the middle and oldest groups, about half of participants failed to reach criterion at all, although many of those who succeeded, reached criterion about as quickly as the youngest participants.
Participant responds correctly Participant responds incorrectly Start of trial
Which object is the smiley face under? Use "Left" or "Right" key to choose. In summary, there was an age effect on acquisition of the concurrent discrimination, with older participants making more errors and being less likely overall to reach criterion performance within the maximum 96 trials.
Phase 2: Generalization
The mean number of phase 2 errors for the 3 age groups is shown in Figure 4A . ANOVA revealed a significant effect of group (F 1,62 = 6.29, P = 0.003), with no effect of VIQ, COWA z-score, LM immediate, or LM delay scores (all F < 2.20, all P > 0.100) but with a significant effect of phase 1 errors on phase 2 performance (F 1,62 = 13.14, P = 0.001).
Scheffe´pairwise comparisons confirmed that the youngest group made significantly fewer errors than the oldest group (P = 0.004); the middle group did not differ significantly from either the youngest (P = 0.348) or the oldest group (P = 0.070). Individual bivariate correlations did not show any significant effect in any of the age groups.
Meeting the criterion of 16 consecutive correct responses, 52 participants (74%) solved phase 2. Figure 4B shows the distribution of participants who reached criterion in each age group; again, younger participants were more likely to reach criterion than older participants (w 2 test, w 2 = 20.63, df = 2, P < 0.001). Just as in phase 1, most participants either figured out how to solve phase 2 quickly (in fewer than 16 trials) or not at all (more than 48 trials).
As about 25% of the participants failed to reach criterion in phase 1 and because these nonsolvers were disproportionately older people, we did a second analysis of phase 2 errors for only those 52 people who had reached criterion in phase 1. Figure 5A shows phase 2 data for these participants. There was again a significant effect of group (F 1,44 = 4.40, P = 0.018), but no significant effect of VIQ, COWA z-score, LM immediate, LM delay, or phase 1 errors (all P > 0.100). Scheffe´pairwise comparisons revealed a significant difference between the middle and oldest (P = 0.031) groups; the differences between the youngest and middle (P > 0.500) and the youngest and oldest (P = 0.065) groups fell short of significance. Figure 5B shows that, in both the youngest and middle groups, most participants reached phase 1 criterion . Distribution of trial blocks needed to reach phase 1 criterion in each age group. Participants who did not reach criterion within the maximum 6 blocks (96 trials) were scored as requiring > 6 blocks. within a single block; by contrast, in the oldest group, about half of the participants did not reach criterion within the maximum 48 trials, although most of those who reached criterion, did so as quickly as the younger participants.
DISCUSSION
To learn about possible age-related cognitive differences in healthy aging, we assessed the performance of a group of active, healthy adults who had no history of psychiatric or medical conditions that might affect memory, in a computerized concurrent discrimination-andgeneralization task. The results showed a significant age effect in both the learning and generalization phases of the experiment. Most important, with the cross-sectional design, we found that age affected learning more than generalization.
In the learning phase, although the 3 age groups performed at or better than age-appropriate norms on several neuropsychological measures, they nevertheless showed an age-related impairment on concurrent discrimination learning. This impairment was evident as a deficit in performance in the middle (age 61 to 75 y) and oldest (age 76 to 90 y) groups relative to the youngest group (age 45 to 60 y). Our finding is consistent with earlier studies that likewise demonstrated age-related impairments on 2-choice discrimination 40, 60 and with studies suggesting age-related impairments in components of associative learning, such as retaining information about previously correct choices. [61] [62] [63] Some authors have suggested that humans seem to use declarative or explicit memory strategies to learn concurrent discriminations. 64, 65 In the context of our study, this idea might imply that our elderly participants had some difficulty with declarative learning. However, we did not find any consistent relationship between learning phase performance and declarative memory, as assessed by the Wechsler Memory Scale-Revised LM test. Similarly, in our earlier study, 54 there was no relationship between learning phase and a related paragraph recall test derived from the Guild Memory Test. 66 It is possible that paragraph recall tests alone are not sufficiently sensitive to detect a subtle declarative memory deficit, which negatively affects concurrent discrimination learning. A paradigm such as the Word-List Learning Task, which is sensitive to mild memory impairments and has been shown to be related to both hippocampal and temporal lobe function, 67 been more appropriate for this study. The current data cannot support the view that declarative memory deficits contribute to concurrent discrimination deficits.
In the generalization phase of the experimental task, irrelevant features were altered, but relevant features remained unchanged. Once again, there was a trend for impaired performance with increasing age. Although only the difference between the middle and oldest groups was significant (Fig. 5A ), our findings that those in the youngest group were more impaired at learning, but not at generalization performance than the middle group, fit with the existing hypothesis that striatal deterioration is normal in healthy aging, but that hippocampal atrophy may be associated with severe pathology. 22, 23 In short, the data suggest that the frontostriatal and hippocampal systems age differently across the adult lifespan, in agreement with the 2-stage theory. 22, 23 To rule out the possibility that learning phase performance affects generalization phase performance, we specifically tested the performance of those participants who had previously reached criterion in the learning phase. We then found that the difference in the generalization phase performance between the youngest and the middle groups was eliminated, but the performance was bimodal in the oldest group, with almost half of them reaching the phase 2 criterion (completing phase 2 within 48 trials) and the other half not reaching criterion at all (Fig. 5D ).
The current data showing half the oldest group reaching criterion are generally consistent with an earlier study 42 that found elderly individuals (age 70 to 79 y) to be unimpaired at shifting to new exemplars of a previously relevant dimension. As for the half not reaching criterion despite learning adequately, their performance may suggest a nonspecific age effect among healthy people, such as functional hippocampal damage, impairing feature-irrelevant generalization in the oldest age group.
Our earlier study 45 found that generalization phase impairment was associated with hippocampal atrophy in the nondemented elderly. In that study, we suggested that a threshold of 7 phase 2 errors maximized specificity versus selectivity in differentiating between participants with and those without hippocampal atrophy. As shown in Figure 4A , the mean generalization phase errors for both the youngest and middle groups were below that threshold, and the average for the oldest group was higher. As shown in Figure 5D , the relatively poor generalization performance in the oldest group reflected bimodality, with about half the group reaching criterion within 48 trials (some making 0 or 1 error) and about half the group failing to reach criterion (and making 10 or more errors). However, the high proportion of participants aged 45 to 75 years who scored below this generalization performance threshold suggests that healthy aging is not associated with decreased generalization performance, as generalization performance seems strong in all but the oldest group.
Several experimental studies have reported frontostriatal and dopaminergic dysfunction and cognitive alterations in healthy aging people. 3, 20, 68, 69 For example, Ba¨ckman et al 68 reviewed evidence clearly supporting the findings that some of the behavioral deficits reported in healthy aging people are likely to be caused by dopaminergic dysfunction. Furthermore, in magnetic resonance imaging studies, Cherubini et al 69 found structural changes in the frontostriatal system (but not the hippocampus) across the adult lifespan. It is possible that hippocampal dysfunction appears in late stages of aging, which would agree with our findings of generalization deficits only in the oldest group.
Although it is known that hippocampal volume decreases in healthy aging people, 11, 13 the rate of this reduction is relatively slow-on the order of 1% to 2% shrinkage per year, even in persons aged 70 to 89 years. 70 This fact may explain why we found generalization deficits only in the oldest group. It is reasonable to assume that small amounts of age-related hippocampal reduction, as in our middle group, do not affect generalization, but that accumulated reduction, as in our oldest group, can produce generalization deficits. The rate of hippocampal volume reduction is significantly higher in patients with AD than in nondemented same-aged peers. 70 As our participants were nondemented and performed somewhat above normal age-appropriate levels on several neuropsychological tests, it could be assumed that those in the youngest and middle groups did not have significant hippocampal atrophy. At the same time, it is possible that some of those in our oldest group had hippocampal/medial temporal atrophy, resulting in poor generalization performance, and that the others, who did well on the generalization phase, may have had little or no atrophy. We could not assess this possibility in our participants because neuroimaging was not available, but it remains a question for future research.
Our data showing greater learning deficits in older than in younger age groups are consistent with earlier reports that healthy aging is mainly associated with atrophy in striatal regions and that a pathology such as dementia or AD is more likely to be associated with hippocampal dysfunction which a clinical or neuroimaging data of the oldest adults who had difficulty in generalization, would have possibly confirmed. 22, 23, [71] [72] [73] [74] For example, Head et al 74 argue that pathologic, but not normal, aging is associated with hippocampal dysfunction. Computational models have linked behavioral changes in healthy aging to dopamine reduction in the prefrontal cortex and basal ganglia. 75, 76 Clinical or neuroimaging data of our study's oldest adults who had difficulty in generalization might have confirmed those associations.
AD is believed to involve pathology that can begin years or decades before onset of symptoms. 77 It is possible, then, that some people in our oldest group, especially those who showed impairments in the generalization phase, were in the prodromal stages of AD. A follow-up of these people on clinical and neuropsychological measures would help to verify whether they have prodromal AD.
Apart from following our study sample to look for AD features at a later time, the chief implication of this study for further research is that even in older adults who do not report symptoms of pathology, there might be cognitive difficulties suggesting a functional deficit in the hippocampal and frontostriatal structures. More research, combining neuroimaging techniques with clinical data, could advance understanding of these age-related cognitive changes.
Despite some of the limitations of this study, we can perhaps conclude that deficits in cognitive functions in older age are not necessarily a sign of "normal" aging. Such signs warrant further investigation and caution to rule out possibilities of pathologic structural and functional brain processes.
